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SUMMARY 
 
 The distribution pattern and the morphology of calbindin D-28k-immunoreactive 
neurons were studied in the accessory olfactory bulb of the rat using a monoclonal antibody 
and the avidin-biotin-immunoperoxidase method. Positive neurons were observed in all 
layers but the vomeronasal nerve layer. Scarce monodendritic periglomerular neurons were 
calbindin D-28k immunoreactive. Different morphological types of short-axon cells were 
calbindin D-28k immunostained, with different degrees of intensity, in the boundary 
between the internal and external plexiform layer. In addition, deep short-axon cells located 
in the granule cell layer were calbindin D-28k-immunopositive. By contrast, previous 
studies described all cells in the rat accessory olfactory bulb as calbindin D-28k-
immunonegative. The staining pattern in the rat accessory olfactory bulb showed both 
similarities and differences with the distribution pattern of the same calcium-binding protein 
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INTRODUCTION 
 
 Calcium ions are involved in a multitude of processes in the central nervous system, 
including axonal transport22, the exocytic release of neurotransmitters, and the movement of 
the axonal growth cone27,28. These calcium effects are mediated by a specific group of 
cytosolic proteins, the so-called calcium-binding proteins. Calbindin D-28k (CaBP) is a 
member of the EF-hand calcium-binding protein family which specifically binds 
intracellular free calcium in the micromolar range49. CaBP may either act as a calcium 
transporter or as an intracellular calcium buffer8,29, promoting or restricting calcium 
dependent events in the cellular metabolism. This protein might also serve to protect neurons 
in conditions of hypoxia or seizures, which can elevate intracellular calcium concentrations 
to toxic levels19,44. CaBP is a neuronal marker expressed in specific and widely distributed 
neuronal populations in the brain3,4,5,10,11,18,36,42. Immunocytochemical detection of CaBP 
reveals cells in a Golgi staining-like fashion. 
 
 All macrosmatic mammals have their chemoreception senses organized in three 
different systems: taste system, main olfactory system and vomeronasal or accessory 
olfactory system. The accessory olfactory system consists of receptor neurons located in the 
vomeronasal organ that send their axons to the accessory olfactory bulb (AOB)6, where 
these make synaptic contacts with the dendrites of mitral cells and tufted cells. The 
projecting neurons of the AOB connect with higher brain areas such as the bed nucleus of 
the accessory olfactory tract, the posteromedial cortical amygdaloid nucleus, the medial 
amygdaloid nucleus, the bed nucleus of the stria terminalis, and the supraoptic 
nucleus14,38,39,45. In rodents, the accessory olfactory system is thought to play a role in the 
pheromone chemoreception between conspecifics17,21, mechanism involved in reproductive 
and maternal behavior7,13,25,30,48,50. By contrast, the main olfactory system has a more 
generalized function, processing environmental chemical information with no predetermined 
meaning. 
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 In the main olfactory bulb (MOB) of the rat, cells of several classes of 
interneurons have been shown to be CaBP immunoreactive: periglomerular cells, superficial 
short-axon cells, external tufted cells, Van Gehuchten cells, horizontal cells, vertical cells of 
Cajal, and giant cells1,9,11,15,20,24,36,43. In previous studies on the localization of CaBP in 
the rat brain or in the olfactory bulb, the AOB was not included1,9,15,20,24,43 or the absence 
of CaBP-immunoreactive cells was indicated11,36. By contrast, in a recent report on the 
distribution of NADPH-diaphorase and CaBP in the hedgehog olfactory bulb2, CaBP-
immunostained neurons were found in different layers of the AOB. In order to determine 
whether or not interspecies variations occur, the distribution of CaBP-immunoreactivity in 
the rat AOB is tested here. The aims of this study, therefore, are to describe in detail the 
morphological features of these positive elements and to compare our results with previous 
data on the distribution of this marker in the MOB and AOB of macrosmatic mammals. 
 
 
MATERIAL AND METHODS 
 
 Five adult female Wistar rats weighing 250-300 g were used in this study. The 
animals were deeply anesthetized with ketamine (Ketolar, 50 mg/kg body weight), and after 
they were perfused transcardially with 100 ml heparinized saline solution followed by 400 
ml of a fixative containing 4% paraformaldehyde and 15% saturated picric acid in 0.1 M 
phosphate buffer (PB), pH 7.4. The brains were removed from the skull, postfixed in the 
same fixative for 6 h and immersed in PB containing 30% sucrose (vol./vol.) for 
cryoprotection. Thereafter, the olfactory bulbs and olfactory peduncles were dissected out 
and frozen with liquid nitrogen. Coronal and sagittal sections (30 µm thickness) were cut 
with a cryostat (Bright) at -21ºC, and processed free-floating for immunocytochemistry. 
 
 The sections were stained according to the avidin-biotin-immunoperoxidase 
method as described elsewhere2. The sections were sequentially incubated in: (a) 0.01% 
Triton X-100 in PB for 2 h at room temperature; (b) primary antibody (McAB 300 anti-
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calbindin D-28k) diluted 1:2000 in PB containing 10% normal horse serum and 0.03% 
Triton X-100 for 48 h at 4ºC; (c) biotinylated anti-mouse immuno-gammaglobulin (Vector 
Labs., Burlingame, USA; 1:250 in PB; 3 h at room temperature; (d) Vectastain ABC reagent 
(Vector Labs.; 1:250 in PB; 90 min at room temperature); and (e) 0.07% 3, 3' 
diaminobenzidine (DAB) and 0.003% hydrogen peroxide in 0.1 M Tris-HCl buffer (pH 7.6). 
After each incubation step, the sections were rinsed in PB at room temperature. The reaction 
was monitored under the microscope. When the immunocytochemical procedure was 
concluded, sections were mounted on slides coated with gelatin chrome-alum, air-dried, 
dehydrated, cleared in xylene and coverslipped with Entellan. Cell sizes were measured 
using a Zeiss ocular micrometer. 
 
 The primary antibody against CaBP has been fully characterized12. Controls of the 
immunocytochemical procedure by omitting the first antibody or the second antibody in the 
incubation procedure, as described9 were also carried out. In both cases, no residual staining 





 CaBP-immunostaining provided a Golgi-like labeling of cells and fibers in all layers 
of the AOB, except in the VNL. The highest number of CaBP-immunoreactive cells was 
found in the EPL/IPL boundary, whereas scarce immunopositive cells were also found in the 
GL, EPL and GCL. In addition, slightly CaBP-immunostained fibers were observed forming 
a plexus in the inner portion of the EPL. An schematic drawing of the distribution of CaBP-
positive elements in the rat AOB is shown in Figure 1. In order to show clearly the 
similarities and differences with the MOB, a scheme of the CaBP-immunostaining pattern in 
the MOB is provided in the same figure. 
 
 Vomeronasal CaBP-positive fibers were not observed in our material, neither in the 
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VNL nor in the GL. Scattered CaBP-labeled cells were demonstrated in the GL. These cells 
were spherical or ovoid, with a maximum diameter ranging from 8 to 10 µm (Fig. 2a-c). 
According to their morphology and location, these neurons were identified as presumably 
periglomerular cells. Some periglomerular cells possessed a long dendrite that branched 
distant to the soma (Fig. 3c,d), whereas in other cells, the dendrite arborized close to the 
neuronal body (Fig. 3a,b). Only the initial portions of the axons of the periglomerular cells 
was immunostained (Fig. 3c). These axonal processes could be followed in the GL and in 
the superficial portion of the EPL. No other CaBP-immunopositive elements were observed 
in the GL. 
 
 Mitral cells and tufted cells, the output neurons of the rat AOB, were always CaBP-
immunonegative. Small (8-10 µm), and spherical cells in the EPL with a long prolongation 
directed towards the GL (Figs. 2d, 4a) were CaBP-immunostained. These neurons were 
identified as presumably displaced periglomerular cells. 
 
 The highest number of CaBP-immunostained neurons was observed in the IPL and at 
the EPL/IPL boundary (Fig. 2e,f,g). Both strongly and weakly CaBP-immunolabeled 
neurons were observed. The intensely stained neurons had round or piriform somata, 
between 10 and 15 µm in maximum diameter. These immunopositive neurons were 
monopolar or bipolar, and their dendrites coursed parallel (Fig. 4c) or perpendicular (Fig. 
4d) to the lateral olfactory tract. They resembled the horizontal neurons and the vertical cells 
of Cajal described in the MOB. The weakly labeled neurons were larger (17-20 µm, 
maximum diameter), with oval or stellate cell bodies and two or three dendrites extending 
close to the neuronal body (Fig. 4b). A plexus of weakly CaBP-immunostained fibers, with 
unoriented trajectories, was observed at the EPL/IPL boundary, mainly located in the lateral 
regions of the AOB. 
 
 The largest CaBP-immunopositive neurons (20-25 µm, maximum diameter) were 
observed in the innermost portion of the GCL. These neurons had fusiform cell bodies and 
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relatively thin dendrites extending parallel to the GCL border (Fig. 2i,4f). Less frequently, 
the immunolabeled cells were stellate with two or three dendrites extending radially (Fig. 
2h,4e). These cells were identified as deep short-axon cells. Occasionally, the same neuronal 
types were observed in the adjacent white matter that delimited the AOB from the anterior 





 We have found for the first time different types of CaBP-immunopositive neurons in 
the rat AOB, except in the VNL. By contrast, previous studies, either with polyclonal11,18 or 
monoclonal11,36 antibodies indicated the absence of CaBP-immunoreactive cells in the 
AOB. This controversy may be due to variations in the fixation or in the 
immunocytochemical treatment of the tissue. By contrast, whereas we have not observed 
positive labeling in the vomeronasal fibers of the rat, CaBP-immunoreactivity has been 
described in all these axons11,18,26. Nevertheless, those studies have used polyclonal 
antibodies, which may cross-react with calretinin, another calcium-binding protein highly 
homologous to CaBP (60% of coincidence in the primary aminoacid sequence)34,35,46. In 
this sense, strong calretinin-immunoreactivity has been observed in the VNL of the rat 
AOB23 and after labeling with a monoclonal antibody that does not cross-react with CaBP, 
vomeronasal fibers were CaBP-immunonegative36, as our observations demonstrated. 
 
 Numerous studies on the distribution of CaBP have been carried out in the MOB of 
the rat, and different types of immunopositive cells have been described. Both differences 
and similarities were detected with the CaBP-immunolabeling obtained in the AOB. 
Periglomerular cells were the only neuronal type referred as CaBP-immunoreactive by all 
authors describing the staining in the MOB1,4,9,11,15,18,20,24,41,43. In the AOB, some 
periglomerular neurons were CaBP-positive, but they were much less abundant than in the 
MOB. Whereas about 12-13 CaBP-immunolabeled cells could be observed per sectioned 
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olfactory glomerulus in each 30 µm section1, only one or two CaBP-immunolabeled 
periglomerular cells, at most, were observed surrounding the rat vomeronasal glomeruli. 
Heterogeneous subpopulations of periglomerular neurons have been revealed in the rat MOB 
by immunocytochemical labeling against CaBP1,20,41, taurine37, tyrosine hydroxylase20,41, 
cholecystokinin40, methionine-enkephalin31, somatostatin41, -aminobutyric acid16,32 and 
NADPH-diaphorase1. In the AOB, subpopulations of periglomerular cells have been 
described as GABAergic47, NADPH-diaphorase positive33, and, in this report, as CaBP-
immunoreactive, suggesting that a similar chemical heterogeneity of the periglomerular cells 
is present in the rat AOB. 
 
 In the GL/EPL boundary of the rat MOB, CaBP-immunolabeled superficial short-
axon cells have been observed1,9,41. CaBP-immunolabeled cells with similar morphology 
(size, shape and location) were not observed in the AOB. By contrast, CaBP-immunolabeled 
deep short-axon cells of a similar size to those described in the AOB have not been observed 
in the rat MOB, whereas larger CaBP-immunoreactive cells, the so-called giant cells, were 
found in the white matter9,11. 
 
 In the EPL of the rat MOB, external tufted cells11,20 and Van Gehuchten cells1,9 
have been referred as CaBP-immunopositive. The morphological characteristics of the 
labeled neurons of the AOB did not resemble any of these types. These cells possessed an 
intraglomerular dendrite, but we have not observed the presence of the “tuft”, the typical 
feature of these cells. Concerning the large and weakly CaBP-immunoreactive cells 
described in the deep EPL of the AOB, their typification is uncertain since they did not 
resemble any of the neuronal types previously defined in the rat MOB or AOB. 
 
 In the IPL and at its border with the EPL, we observed intensely CaBP-
immunostained cells. These neurons shared the size and branching pattern of the horizontal 
cells and vertical cells of Cajal described in the MOB as CaBP-immunoreactive9,11. 
Horizontal cells and deep short-axon cells have been described as NADPH-diaphorase 
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positive interneurons in the rat AOB33. A double-labeling study is necessary to determine 
whether CaBP and NADPH-diaphorase are expressed by different neuronal subpopulations 
or are colocalized. 
 
 We have described the presence of CaBP-immunoreactive neurons and fibers in the 
AOB of the hedgehog2, an insectivore with an extraordinary development of olfactory 
structures. In this report, important interspecies differences were communicated in the 
CaBP-immunolabeling of the MOB between insectivores and rodents. By contrast, the same 
neuronal types that were CaBP-positive in the hedgehog AOB showed CaBP-
immunoreactivity in the rat AOB. Thus, the CaBP-immunostaining pattern in the AOB 
seems to be much more conserved than in the MOB between rodents and insectivores. 
 
 CaBP acts as a buffer of the intracellular concentration of calcium ions8,29, but the 
specific process controlled by this buffering mechanism remains unknown. In the rat brain, 
CaBP has been related to diffusely projecting unmyelinated systems in combination with 
different types of interneurons10 . In the MOB, CaBP was present in intrinsic interneurons, 
but it was not observed in the bulbar projecting neurons, in primary afferents or in 
centrifugal fibers9. These findings suggest a role for CaBP in the intrabulbar modulation of 
the olfactory signal. But the modulation possibilities are clearly lower in the AOB than in 
the MOB, at least in the GL, since the number of CaBP-immunoreactive periglomerular 
neurons was reduced and CaBP-positive superficial short-axon cells were not observed. 
 
LIST OF ABBREVIATIONS 
 
AOB: Accessory olfactory bulb. 
DCE: Deep cell of the external plexiform layer. 
DPG: Displaced periglomerular cell. 
DSA: Deep short-axon cell. 
EPL: External plexiform layer. 
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GIC: Giant cell. 
GCL: Granule cell layer. 
GL: Glomerular layer. 
HZ: Horizontal cell. 
IPL: Internal plexiform layer. 
MCL: Mitral cell layer. 
MOB: Main olfactory bulb. 
PG: Periglomerular cell. 
SSA: Superficial short-axon cell. 
VC: Vertical cell of Cajal. 
VG: Van Gehuchten cell. 
VNL: Vomeronasal nerve layer 
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Schematic drawing showing the CaBP-immunostaining patterns in the rat MOB and AOB. 
The AOB is a layered structure easily comparable to the MOB but less organized. Axons of 
the vomeronasal receptor cells arrive to the AOB where they form the VNL. These axons 
contact with dendrites of mitral cells, tufted cells, and periglomerular cells in the GL. In the 
AOB, mitral cells do not form a single row arrangement, but they are scattered in the EPL. 
The IPL is wide, and clearly distinguishable since it is occupied by the myelinated fibers of 
the lateral olfactory tract formed by the axons of output neurons located in the MOB and 
AOB. Numerous dendrites of granule cells located in the innermost stratum, the GCL, cross 
the IPL in dense bundles towards the EPL. 
DCE: Deep cell of the external plexiform layer. DPG: Displaced periglomerular cell. DSA: 
Deep short-axon cell. GIC: Giant cell. HZ: Horizontal cell. MOB: Main olfactory bulb. PG: 
Periglomerular cell. SSA: Superficial short-axon cell. VC: Vertical cell of Cajal. VG: Van 




Camera lucida drawings of CaBP-immunopositive neuronal types in the rat AOB. Scale bar= 
50 µm 
a-c: Periglomerular cells 
d: Displaced periglomerular cell 
e: Deep cell of the EPL 
f: Horizontal cell 
g: Vertical cell of Cajal 
h-i: Deep short-axon cells 
EPL: External plexiform layer. GCL: Granule cell layer. GL: Glomerular layer. IPL: Internal 
plexiform layer. 
CaBP-IR in the AOB  -20- 




CaBP immunostaining in the GL of the AOB. Scale bar= 50 µm (for all figures). 
 
a.- Photographic composition showing two CaBP-immunopositive periglomerular cells. 
b.- CaBP-immunoreactive periglomerular cell with two prolongations. 
c.- CaBP-immunoreactive cell with a long dendrite. An axon-like prolongation can be 
observed (arrow). 




CaBP immunostaining in the deep layers of the rat AOB. Scale bar= 50 µm (for all figures). 
 
a.- Displaced periglomerular cell located at the outermost region of the EPL. 
b.- Round (solid arrow) and fusiform (open arrow) slightly CaBP-immunostained neurons 
located at the EPL/IPL boundary. 
c.- A CaBP-immunopositive horizontal cell. Sagittal view of the IPL of the AOB.  
d.- Vertical cell of Cajal in the IPL, with an apical dendrite directed towards the EPL. 
e.- Multipolar CaBP-immunopositive deep short-axon cell located at the deepest portion of 
the GCL. 
f- Bipolar fusiform CaBP-immunoreactive deep short-axon cell located at the boundary of 
the GCL with the anterior olfactory nucleus. 
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